We perform combined density functional and dynamical mean-field calculations to study the pyrochlore iridates Lu2Ir2O7, Y2Ir2O7 and Eu2Ir2O7. Both single-site and cluster dynamical meanfield calculations are performed and spin-orbit coupling is included. Paramagnetic metallic phases, antiferromagnetic metallic phases with tilted Weyl cones and antiferromagnetic insulating phases are found. The magnetic phases display all-in/all-out magnetic ordering, consistent with previous studies. Unusually for electronically three dimensional materials, the single-site dynamical meanfield approximation fails to reproduce qualitative material trends, predicting in particular that the paramagnetic phase properties of Y2Ir2O7 and Eu2Ir2O7 are almost identical, although in experiments the Y compound has a much higher resistance than the Eu compound. This qualitative failure is attributed to the importance of intersite magnetic correlations in the physics of these materials.
I. INTRODUCTION
The interplay of electron-electron interactions and spin-orbit coupling (SOC) is a central topic in quantum materials [1] . The combination has been predicted to lead to novel phases including chiral spin liquids [2, 3] , Weyl semimetals (WSM) [4] [5] [6] , and axion insulators (AI) [4, 7] . This physics may be particularly relevant to the iridium oxides, which are characterized by spin orbit and correlation energies that are comparable to each other and to the conduction bandwidth. The pyrochlore iridates R 2 Ir 2 O 7 (R-227, R=rare earth elements or Y) have been intensively studied in this context.
By means of a "plus U " extension of density functional theory, Wan et al. predicted that Y-227 was a Weyl semimetal, with all-in/all-out (AIAO) antiferromagnetic order [4] . The WSM phase was later found in model systems studies applying the Hartree-Fock [5, 6] and cluster dynamical mean-field [7] approximation to a tight binding model. The possibility of an axion insulator phase was suggested in Ref. [4] (although the phase was not predicted by the DFT+U used in this reference) and the phase was found by Go et al. [7] who argued that both the insulating noninteracting phase and the CDMFT method are necessary to realize this phase.
Experimental studies of the R-227 pyrochlore family of compounds reveal a systematic dependence of properties on R. Pr-227 is a paramagnetic metal with a resistivity that decreases as temperature decreases down to the lowest measured temperature [2] , while as R is changed across the rare earth series the resistivity increases and a metal insulator transition (MIT) occurs, with a transition temperature and optical gap that depends systematically on R [8] [9] [10] [11] [12] [13] [14] [15] . The metal-insulator transitions are accompanied by magnetic transitions, the nature of which is still under debate. Early work by Taira et al. suggested the magnetism was generalically spinglass-like [16] , and this finding was recently confirmed by Kumar and Pramanik [17] . Onset of spin precession in muon spin rotation experiments indicated the presence of long-range magnetic order in Eu-227, Y-227, Yb-227 and Nd-227 [11, 13, 14] , but most neutron scattering measurements did not detect magnetic order for Nd-227 and Y-227 [13, 18, 19] . Interpretation of the neutron results is however complicated by the relatively small values of the ordered moment and the large neutron absorption cross section of Ir. An intermediate disordered phase between the magnetic transition and the onset of the longrange order has been reported in Nd-227, Sm-227 and Y-227 [13, 18, 20] , but most studies agree that long-range order appears concomitantly with the magnetic transition in Eu-227 [11, 12] ; Yb-227 [13] and Nd-227 [14] . Strong evidence of AIAO magnetic order was reported in recent studies [21] [22] [23] and for Nd-227 a direct determination of the AIAO magnetic structure was reported by the neutron scattering measurement [24] . An AIAOtype structure, which breaks the time-reversal symmetry while preserving the inversion symmetry, is essential for the realization of the theoretically predicted Weyl semimetal phase in pyrochlore iridates, but whether or not this phase occurs remains unclear. A recent optical experiment gave indications for a WSM in Eu-227 [25] and in Ref. [15] optical data were interpreted as indicating to the presence of a Weyl semimetal state in Sm-227 and perhaps Eu-227, while angle-resolved photoemission spectroscopy (ARPES) measurements in Nd-227 failed to observe the Weyl points [26] .
Motivated by the theoretical predictions of novel phases and discrepancies between experimental reports, two density functional plus single-site dynamical meanfield (DFT+sDMFT) studies of pyrochlore iridates were recently carried out. In Ref. [27] , Shinaoka et al. obtained a phase diagram for Y-227 in correlation strength (U )-temperature (T ) plane. As U was varied they found a crossover between a paramagnetic metallic phase and paramagnetic insulating phase at high T , and a coupled MIT and magnetic transition to an AIAO insulator at lower T . A WSM phase was not found. Zhang et al. [28] studied the R-dependence of the MIT by performing DFT+sDMFT calculations for several members of the arXiv:1611.07997v2 [cond-mat.str-el] 26 Jan 2017 family. They found good agreement with the measured trends of magnetic transition temperature with R, and reported that for the U value they considered all nonmagnetic phases were metallic. The zero temperature metal-insulator boundary was predicted to be between Nd-227 and Pr-227 and consistently with Shinaoka et al the magnetic phases were topologically trivial insulators: a Weyl semimetal phase was not found.
In this work, we go beyond previous work by performing DFT plus cluster DMFT (DFT+CDMFT) calculations for the pyrochlore iridates. To clarify the direct contribution from the Ir sublattice, we focus on the compounds Lu-227, Y-227 and Eu-227 for which the R ion is nonmagnetic. A key finding of the cluster calculations is a relatively wide range of stability of a Weyl metal phase with tilted Weyl cones, suggesting a key role played by intersite quantum fluctuations in stabilizing topological physics.
We also consider the dependence of physical properties on rare earth ion R and perform a critical comparison of the predictions of single-site and cluster dynamical meanfield theory. We find that the single-site approximation overpredicts gap values and fails to account for the substantial difference in observed properties of the Y and Eu compounds, predicting instead that the behavior of these two materials should be essentially identical at temperatures greater than the Néel temperature. It also predicts that the insulating gap in these compounds is much larger than any experimentally reasonable value. These failures of the single-site dynamical mean-field approximation are not expected in electronically three dimensional materials. On the other hand, our CDMFT calculations yield a reasonable gap range which is consistent with the transport data, and, when magnetic order is included, account for a considerable portion of the difference between the Y and Eu materials. We demonstrate that it is the intersite correlations, most likely of antiferromagnetic origin, that leads to the material-dependence in the physics of Y-227 and Eu-227.
The reminder of this paper is organized as follows: In Sec. II, we summarize the techniques used in our calculations; In Sec. III, we illustrate the generic phase diagram obtained by means of CDMFT; In Sec. IV, we take Eu-227, Y-227 and Lu-227 as examples to discuss the R-dependent MIT by comparing the results within DFT+U+SO and DFT+sDMFT/CDMFT in both paramagnetic and magnetic states.
II. METHODS
The structure of pyrochlore iridates is presented in Fig. 1(a) . The Ir atoms form corner-sharing tetrahedra and each Ir is surrounded by a distorted oxygen octahedron which determines the local symmetry of the Ir site. The relevant electrons reside in the Ir 5d shell and are subject to both on-site correlations and strong spin-orbit coupling. We treat this physics using the density functional plus dynamical mean-field approximation. As a first step, we employ the Vienna Ab-initio Simulation Package (VASP) [29] [30] [31] [32] [33] , which is based on projector augmented wave (PAW) method [34] , to perform fully relativistic paramagnetic DFT calculations including the on site Coulomb interaction U (within the DFT+U approximation). In our study, we focus on Lu-227, Y-227 and Eu-227 in which the rare earth element is non-magnetic and use the experimental structures [16] in all calculations. The generalized gradient approximation (GGA) in the Perdew, Burke, and Ernzerfhof (PBE) [35] parametrization is used as the exchange-correlation functional. In all calculations, we take 8 × 8 × 8 k-point mesh and a plane wave energy cut-off of 500eV. For the DFT+U calculations, 2eV is applied on Ir as the effective on site Coulomb interaction. Representative results are shown in Fig. 1(b) . The bands near the fermi level are mainly contributed by Ir t 2g states and some mixture with O p states. The strong spin orbit coupling splits the Ir t 2g states into a lower-lying J eff = 3/2 manifold and the higher-energy J eff = 1/2 manifold. The 4+ Ir formal valence leaves the J eff = 3/2 manifold fully filled and electrically inert while the J eff = 1/2-derived bands are half-filled and most relevant to the low-energy physics. We use maximally localized Wannier function (MLWF) methods [36] , as implemented in the Wannier90 code [37] with the VASP interface, to project the J eff = 1/2 band complex onto a basis of states localized on the Ir atoms. The Wannier bands provide an essentially perfect fit to the calculated DFT bands, as expected since the bands being fit are isolated from other bands by energy gaps. After the construction, the MLWFs centered on a given site are rotated to an orientation adapted to the local octahedra. The rotation was determined by comparing the tight-binding Hamiltonian in Ref. [7] to the corresponding Wannier Hamiltonian so that nearest neighbor hopping parameters are the same. It is important to note that the degree to which the J eff = 1/2 and J eff = 3/2 band complexes are separated depends on U . It is also important to note that the low point symmetry of the individual Ir ion and the fact that the on-site angular momentum quantum number is not conserved by the intersite terms in the Hamiltonian mean that the bands labelled as J eff = 1/2 have contributions also from atomic J eff = 3/2 states as well as oxygen atoms. This subtlety is not important for our calculations, which are based on the Wannier fitting to the calculated bands. In the Wannier projection, the spin-orbit coupling effects appear as a spin dependence of the hopping terms.
We then take the Wannier projected Hamiltonian, add an on-site U to each Ir site, and solve the resulting model using either single-site (sDMFT) or cluster (CDMFT) approximations [38] [39] [40] [41] . In sDMFT calculations, we treat each Ir atom independently, assuming a self energy with only site-local components. In our CDMFT calculations we choose the real-space cluster as the four Ir ions on the vertices of a tetrahedron. We study both paramagnetic and antiferromagnetic phases. In the paramagnetic calculations, bath parameters are constrained in the way determined by the double group analysis for this system, following the method put forward by Koch et al. [42] .
The CDMFT approximation does not treat all bonds in the physical lattice equally. The self energy computed in the impurity model includes intersite matrix elements of the self energy among sites in the cluster, but in the impurity model stage the self energy matrix elements involving symmetry-equivalent bonds connecting sites in different clusters are not included. In the literature, the process of restoring translational symmetry is referred to as 'periodization'. In our case the tetrahedral cluster is a primitive unit cell of the pyrochlore lattice, so the impurity model self energy is periodic, but it does not obey all of the point symmetries of the lattice. Even though the symmetrization matters for the precise location of the Weyl crossing, it makes only a very small difference to the quantities of interest in this paper. Therefore the results presented here are obtained directly from the computed CDMFT self energy. Symmetrization and its consequences (particularly for the behavior near the Weyl points) will be presented in a separate paper.
We use exact diagonalization (ED) [43] as the impurity solver. In the ED method, one approximates the bath by a finite number of orbitals, and errors due to finite bath size are an issue. We perform cluster DMFT calculations using four correlated and eight bath orbitals (N b = 8), which is the largest number we can access, and discuss convergence in an Appendix. At finite bath size, the DMFT self-consistency is not perfect, so that results for local quanities calculated using the impurity model may differ from those calculated using the lattice Green function. In this paper, all the physical properties are computed based on the lattice Green function.
III. PHASE DIAGRAM, SPECTRAL FUNCTION AND MAGNETIC PROPERTIES
This section analyses the generic ground-state phase diagram as a function of interaction strength U . For definiteness we present results obtained for the Y compound but note that all compounds yield qualitatively similar results, with the only differences being the values of U at which phase transitions occur and the quantitative values of gaps and magnetic moments. The material dependence will be considered in more detail in the next section.
We begin with the generic ground state phase diagram obtained from DFT+CDMFT calculations shown in panel (a) of Fig. 2 . As U is increased we find a transition from a paramagnetic metal state to an antiferromagnetic metal state with AIAO order and Weyl cones, followed by a metal-insulator transition at larger U . The symmetry of the magnetic state does not change across the metal-insulator transition. Everywhere that it can be stabilized, the antiferromagnetic phase is the ground state, but the paramagnetic phase exists as a higher energy metastable phase over the remarkably wide range of U shown as the shaded region in panel (a).
The sequence of phases shown in Fig. 2 (a) was reported in the DFT+U calculations of Wan et al [4] and also in the Hartree-Fock phase diagram [5, 6] . The intermediate Weyl metal phase is not found in recent LDA+single-site DMFT studies [27, 28] , which report instead a direct transition from paramagnetic metal to AIAO antiferromagnetic insulator. The CDMFT calculations predict a much wider range of Weyl-metal behavior than that in the Hartree-Fock calculations, indicating the importance of the intersite quantum fluctuations cap- 
where H 0 is the projection of the DFT Hamiltonian on
and G and Σ are matrices in the 8 × 8 space of J eff = 1/2 orbitals on the tetrahedron. The small discontinuity in energies at the lower U end of the antiferromagnetic phase is a finite bath size error and is related to first order nature of the PM-AF transition in our approximation. Where it can be stabilized we also report the energy of the metastable paramagnetic metallic state.
To further characterize the phase behavior we cal- Σ(iωn)G(k, iωn). We will leave the discussion of the material dependence to the next section.
culated the expectation value of the spin operator on each site, S . The magnetic order is found to be of the AIAO type. We present in Fig. 3 the evolution with interaction strength of the size of the moment S x 2 + S y 2 + S z 2 . The magnetic moment values saturate at large U . The saturation value is less than the classical limit We see that the paramagnetic metal to antiferromagnetic metal transition is associated with a large jump in moment size. We therefore identify this transition as first order, consistent with the wide hysteresis region where both paramagnetic and antiferromagnetic solutions may be stabilized. The order of the Weyl metal to trivial insulator transition is less clear. The E(U ) curve shown in Fig. 2 indicates in slope of the energy vs U curve, suggesting a first order transition, but gaps and moments seem to vary rapidly, but continuously, suggesting a second order transition. Whether the transition is second order or weakly first order remains to be determined.
In Fig. 4 we present the DFT+CDMFT electron spectral function (imaginary part of lattice Green function) for values of interaction strength in the paramagnetic metal crossing leads to metallic pockets at the fermi level. The metal-insulator transition occurring as U is further increased is driven by the combination of a transition out of the Weyl phase (annihilation of pairs of Weyl points), so the degeneracy at the Weyl point is lifted and a band gap is opened, and by a lifting of the bands at Γ point, as shown in Fig. 4 (c) . The details of the behavior of the Weyl points are complicated, especially near the large-U end point of the antiferromagnetic metallic phase, and will be discussed in a separate paper.
IV. DEPENDENCE OF PROPERTIES ON RARE EARTH ION
Varying R across the lanthanide rare earth series drives a significant change in properties of the pyrochlore iridates. Pr 2 Ir 2 O 7 is metallic down to lowest temperature [2] and the materials become progressively more insulating as Pr is replaced by Sm, Eu, Y and Lu [8] [9] [10] [11] [12] [13] [14] [15] 45] (While Y is not a lanthanide rare earth the Y compound fits naturally in this progression). The change in behavior is manifest both as an R dependence of the magnetic transition temperature and as a progressive increase in the magnitude of the high temperature (paramagnetic phase) resistivity (except the Dy compound is reported to be more resistive than the Ho compound [10] ). The DFT+single-site DMFT methodology was found by Zhang, Haule and Vanderbilt [28] to account quantitatively for the variation with R of the magnetic transition temperature. For the materials studied the variation was traced to a change in bandwidth which was reflected in changes in the hybridization function and for the interaction strength used by Zhang et al at which the paramagnetic phases were stated to be metals. While all experimental papers report similar trends, the details of the reported resistivities vary, perhaps in part because the properties are very sensitive to the stoichiometry. The consensus is that the Y compound is a paramagnetic insulator, with high temperature resistivity that is large and increases as T is decreased, while the high temperature behaviors of the Eu compound are inconsistent. We fit the reported [8-10, 12, 13, 17, 22, 46, 47] resistivities to ρ(T ) = ρ 0 e Eg/T . For Eu-227, the analysis let to estimated gap values E g = 0 ∼ 26meV; for Y, E g = 13 ∼ 64meV. Optical data [15] show a hard gap of 0.2eV (Eu-227) and 0.4eV (Y-227) at low temperatures, and somewhat smaller and rather broadened gaps in the same materials at room temperature. On the other hand, the high temperature resistivity reported for Y-227 is about tenfold higher than Eu-227 [8, 15] .
We first use the single-site dynamical mean-field method to study the U -dependence of the spectral gap of Lu-227, Y-227 and Eu-227. We constrain the calculation to the paramagnetic phase. Results are shown in Fig. 5 . We see an insulating (non-zero-gap) phase at larger U and a metallic (zero gap) phase at smaller U . As is typically found in the single-site dynamical meanfield method there is a wide coexistence regime where both insulating and metallic phases are locally stable. As is also typical, computations of the energy show that the metallic phase has the lower energy over essentially all of the coexistence region (some uncertainty remains as to the relative energies of the two phases for U close to the upper boundary of the coexistence region, where the energy difference is comparable with the fitting error resulted from finite number of bath orbitals). The minimum gap magnitude ∼ 0.7eV of the globally stable para- magnetic insulating state is much larger than any gap estimated from transport or optical [15] data. Within the single-site DMFT methodology, obtaining a globally stable small-gap solution requires antiferromagnetic order and the consequence is that when the order is melted metallic behavior would occur (see e.g. Ref. [28] ). The moderate gap paramagnetic insulator phase observed in some pyrochlore iridates is therefore beyond the scope of the single-site DMFT method. However, it is important to stress that the DFT+single-site DMFT methodology successfully explains important aspects of the material dependence, as previously shown by Zhang et al [28] . In particular, at any U value, Lu-227 exhibits a noticeably larger gap compared with Y-227 or Eu-227, consistent with experiments. Interestingly, however, the calculated gaps for Y-227 and Eu-227 are almost identical, in constrast to the obvious material dependence evidence in the paramagnetic phase resistivity. We now turn to the CMDFT calculations, shown in Fig. 6 . Panel (b) shows CDMFT calculations restricted to the paramagnetic phase. As in the single-site approximation we find a small U metallic phase and a larger U insulating phase, with an intermediate U coexistence region and we find that the Lu material has a noticeably larger gap than the Y and Eu materials. In contrast to the single-site approximation it is the insulating state which is stable over the entire coexistence region, thus the CDMFT critical U for the paramagnetic metal-paramagnetic insulator transition is about 60% of the single-site DMFT critical U . A similar behavior and similar contrast in critical U was observed in studies of the two dimensional Hubbard model [48, 49] . We have not determined whether the paramagnetic metal to paramagnetic insulator transition is second order or weakly first order, but solutions with a very small gap can be sustained. These calculations suggest that intersite correlations are essential in describing the physics of the pyrochlore iridates.
Panel (b) of Fig. 6 shows that even the paramagnetic phase CDMFT calculations predict essentially no difference between the Y and Eu materials. However, panel (a) of Fig. 6 shows that a moderate material difference does appear if the antiferromagnetic phase is considered (a material dependence occurs also in the antiferromagnetic phase single-site DMFT calculations, but these calculations are much more difficult to stabilize). The ratio of gap sizes is of course largest near the end point of the insulating phase. The difference, although notable, is rather less than the factor of two reported by Ueda et al in a recent optical study [15] . By a direct comparison to the optical gaps, we estimate a correlation strength (U ) of 1.3eV in Y-227 and 1.2eV in Eu-227. Fig. 3 shows the material dependence of the magnetization; again the difference is largest in the range U ∼ 0.9−1.1eV near the metal-insulator transition point. The nearly 10% relative difference in S for U in this range is consistent with the µSR measurement [23] , in which the local magnetic field was reported to be ∼ 10% smaller in Eu-227 than in Y-227. Interestingly, the double occupancy shown in the inset of Fig. 3 is the same for both materials, indicating that the effective correlation strength is the same. Thus we conclude that in the calculation the difference between the Y and Eu materials arises from an intersite effect related to magnetic ordering (or correlations) and is not directly related to bandwidth or effective correlation strength.
As the first step towards understanding the origin of the material differences, we present in Fig. 7 the total density of states in the paramagnetic state for Lu-227, Y-227 and Eu-227, in an energy window near the fermi level where the states arise from Ir J eff = 1/2 orbitals with some admixture of O p orbitals, by means of DFT+U+SO. We see that Lu-227 has a narrower bandwidth than Y-227 or Eu-227 so that the ratio of correlation strength to bandwidth is larger in the Lu material than in the Y or Eu materials. We conclude, in agreement with Zhang et al [28] , that the more insulating behavior of Lu-227 can be understood as a bandwidth effect that is captured by the single-site DMFT approximation. However, we see that the density of states of Y-227 and Eu-227 are very similar, except for a shift of the peak at E ∼ −0.15eV, supporting the hypothesis that the Y-Eu material difference does not arise directly from a difference in the ratio of bandwidth to correlation strength. Further insight is obtained from the bare hybridization function ∆ 0 . This is the crucial input to the single-site and cluster dynamical mean-field calculations. It is defined in terms of the bare local Green function G 
In the single-site DMFT approximation ∆ 0 is a 2 × 2 matrix; in the paramagnetic state time reversal invariance ensures that it is proportional to the unit matrix, so is described by one function of frequency, whose imaginary part is shown in Fig. 8(a) for the Y and Eu materials. We see that the single-site DMFT bare hybridization functions for the two compounds are essentially identical, explaining why the single-site DMFT approximation predicts the same properties for the two compounds.
We now turn to the CDMFT case, where ∆ 0 is an 8 × 8 matrix. It is useful to decompose this matrix into irreducible representations of the double group describing the point symmetries of the pyrochlore iridate structure (which is a 4-site Ir tetrahedron in our impurity model) in the paramagnetic phase. In the notation of Ref. [50] , the relevant representations are Γ 6 and Γ 7 (doublet) and Γ 8 (quartet) and we have Fig. 9 shows the imaginary part of the projections of the hybridization function onto the three irreducible representations. We see that the significant material difference appears primarily in the Γ 7 representation. The small material-dependence of the bare hybridization function is amplified by the many-body physics, leading to the material dependence found in the calculations. This may be seen in results for the interaction hybridization function, defined by using the full interacting DFT+DMFT Green function in Eq. (2). In Fig. 10 , we plot the absolute value of the magnitude difference between Y-227 and Eu-227 in the hybridization function at the lowest Matsubara frequency ω 0 for every matrix element in the case of antiferromagnetic state and paramagnetic state respectively. The time-reversal symmetry breaking associated with the antiferromagnetic state changes the structure of the hybridization function, among other things leading to mixing between the Γ 6 and Γ 7 . This mixing, as well as a change in the structure of the diagonal elements of the Γ 8 representation, exhibits particularly strong material dependence.
V. CONCLUSION
This work presents density functional plus dynamical mean-field calculations of pyrochlore iridates based on a representation in which the important interactions occurred between electrons in the frontier (J eff = 1/2) orbitals. The downfolding to the J eff = 1/2 manifold is an approximation in this work, which is justified by the gap separating the J eff = 1/2 and J eff = 3/2 manifolds. Nevertheless, the investigation of the effects of the J eff = 3/2 manifold [27, 28] is an important issue for future research. Important features of our work are the incorporation of spin-orbit coupling and the use of cluster dynamical mean-field methods. An important parameter in the dynamical mean-field calculations is the effective interaction U amongst electrons in the correlated orbitals. Its value is strongly affected by screening and by the choice of correlated orbitals; at present it should be determined phenomenologically. We investigated the qualitative behavior as U is varied. As U is increased from zero our cluster dynamical mean-field calculations reveal a first-order magnetic transition from a paramagnetic metal to antiferromagnetic metal with AIAO order and Weyl nodes followed by a transition to a topologically trivial insulator with AIAO order. The prediction of the first-order nature of magnetic transition could be tested by measurements of the pressure dependence of the staggered magnetization or of the ordered moment. This sequence of phases was previously reported in HartreeFock [5, 6] calculations. DFT+U calculations [4] found these phases and also suggested the possibility of an axion insulator phase, which was found in model system CDMFT [7] calculations, but not here. Ref. [4] also explained the association between the metal-insulator transition and the change in topology. Calculations based on the single-site DMFT approximation [27, 28] reported a direct transition from paramagnetic metal to topologically trivial antiferromagnetic insulator, with the Weyl metal phase being absent. We considered mapping the calculated results onto experiment in two ways. First, we consider the magnitude of the antiferromagnetic and paramagnetic phase gaps, as determined from the resistivity and optics. We found that the single-site dynamical mean-field theory could not account for the small (but non-vanishing) gaps inferred from paramagnetic phase resistivity measurements on many pyrochlore iridates, whereas the cluster dynamical mean-field calculations could. These considerations suggest that the materials are reasonably well described by DFT+CDMFT calculations with a frontier-orbital U ≈ 1eV. An unresolved difficulty with this point of view is that there is little experimental support for the relatively wide Weyl metal regime predicted by our CDMFT results. Instead, experiment seems to favor a picture more similar to the single-site phase diagram [27, 28] , with a direct transition from paramagnetic metal to topologically trivial insulator, although a few experiments report indications of Weyl semimetal phases [15, 25] . Further experimental study of this issue would be desirable. We also investigated the dependence of material properties on the choice of rare earth ion or Y. Some aspects of the behavior are consistent with the conventional understanding developed in the context of the ABO 3 perovskite family of materials. The strongly insulating behavior of Lu 2 Ir 2 O 7 is found to be associated with a narrower bandwidth arising from the octahedral distortion driven by the smaller size of the Lu and is well described by both the single-site and cluster DMFT calculations. However, the pronounced difference in properties between Y 2 Ir 2 O 7 and Eu 2 Ir 2 O 7 seems not to be related to a bandwidth effect. Indeed, the paramagnetic-phase single-site DMFT approximation predicts almost identical gaps for the materials, because the bare hybridization functions are almost identical, and it is only when antiferromagnetism is considered that a significant material difference appears. The noticeable differences in paramagnetic phase resistivities of the Y and Eu materials then suggests that antiferromagnetic fluctuations play an important role in determining the physical properties in the paramagnetic phase. This idea is further supported by optical data indicating that raising the temperature above the Néel temperature leads to a large broadening of the gap but only a modest decrease. A wide fluctuation regime is expected in low dimensional materials, but is remarkable in three dimensional materials such as the pyrochlore iridates.
The results have interesting implications for the dynamical mean-field method. One basic implication is that the single-site approximation may not be entirely adequate to describe the paramagnetic phase physics of the pyrochlore iridates. Cluster DMFT calculations include intersite correlations and procude the requisite small gaps and may therefore provide a more natural description of the physics. Material differences appear in terms of the bare hybridization function associated with intersite correlations. However, our paramagnetic-phase CDMFT calculations, while producing the requisite small gap, still underestimate the Y-Eu material difference. We believe that this failure is a limitation of the exact diagonalization method that we have used to solve the dynamical mean-field equations. In the implementation used here, ED is a ground state method. Since in the relevant parameter range the actual ground state is antiferromagnetic, an averaging procedure must be employed to force the hybridization function to have the symmetries required in the paramagnetic state. We believe that this suppresses the magnetic fluctuations. A continuous time quantum Monte Carlo calculation that can explicitly address the high-T phase would be worth performing. However, even at T =0, the factor of two difference in reported gap values could only be explained via a 10% change of U . 
APPENDIX: DEPENDENCE ON THE NUMBER OF BATH ORBITALS
In this appendix, we discuss the dependence of the spectral gap on the number of bath orbitals (N b ) within CDMFT calculations. Unless there is infinite number of bath orbitals, how well the fitting of the Gaussian Weiss field is depends on N b , and therefore the results exhibits a dependence on N b and will converge when N b is large enough. In our 4-site cluster calculations, there is an up- per limit for N b (N b 8), therefore, the convergence of N b is not able to be verified. However, we can get some trends from the comparison of the spectral gap obtain with N b = 6 and N b = 8, even though N b = 6 is not considered that good given that there are 4 correlated orbitals in our calculations. As presented by Fig. 11 , for a given compound, the spectral gap reduces as N b increases and the error due to N b also reduces as U increases. Furthermore, it turns out that the material difference obtained with N b = 8 is slightly larger than that with N b = 6 for any U , especially near the transition.
